Abstract-In this study, a multimodal interferometer based on a suspended core photonic crystal fiber (PCF) for simultaneous strain and temperature measurements is proposed. The structure is also employed for angle measurements. The sensor comprises a 3-mm-suspended core PCF between SMFs and is based on the combination of two multimodal interferences with different frequency fringe patterns. The interferometric patterns show different sensitivity responses to strain and temperature. Through a low-pass frequency filtering of the detected spectrum, the wavelength shift of the two patterns can be measured allowing the discrimination of strain and temperature effects with resolutions of 0.45°C and 4.02 με, respectively. The sensor is also characterized for angle measurements showing a maximum sensitivity of 9.17 pm/°in the range from 0°to 90°. It is demonstrated that with this sensing structure is possible to obtain simultaneous measurement of bend angle and temperature with resolutions of 1.69°and 0.92°C, respectively.
immunity to electromagnetic interference, small size, reliability, remote sensing ability and multiplexing capability.
Multimode interferometers (MMI) have been extensively considered with standard multimode fibers for sensing of curvature [3] , strain, temperature [4] as well as for simultaneous parameter measurements [5] . The appearance of photonic crystal fibers (PCFs) has allowed continuing the investigation of MMI associated now to novel fiber structures with distinct characteristics.
PCFs consist of a regular array of air-holes along the entire length of a thread of pure silica glass. These optical fibers present diverse improved features compared with common single-mode fibers (SMFs) [6] .
There are different ways to achieve strain sensors based on PCFs. There are strain sensors based on multimode interference by using multimode PCF or by tapering sections of PCF [7] , [8] . Other reported strain sensors rely on birefringent PCFs by detecting wavelength changes in a Hi-Bi PCF Sagnac interferometric configuration [9] , or by detecting amplitude variations in an in-reflection Hi-Bi PCF polarimetric interferometric sensor [10] . Also, it has been proposed strain sensor layouts based on considering twin core PCFs operating as Mach Zehnder interferometers [11] .
Furthermore, there are sensing structures for simultaneous strain and temperature measurement based on the combination of PCF interferometers with fiber Bragg gratings (FBGs) or long period gratings (LPG), in order to discriminate both physical parameters. In [12] a PCF modal interferometer in combination with a FBG was presented, with report of resolutions of ±0.27°C and ±9.1 με. Other authors proposed a PCF modal interferometer combined with a LPG in a layout that permitted resolutions of ±1.5°C and ±5.2 με for temperature and strain, respectively [13] .
Other dual parameter sensor configurations were based on the detection of different interference components showing different sensitivities to strain and temperature. In [14] a new design based on a clover geometry PFC in a fiber loop mirror (FLM) topology showed resolutions of ±2°C and ±11 με for these two measurands. Also in [15] a Hi-Bi PCF was incorporated into a FLM layout resulting in of ±1.5°C and ±4.7 με.
The measurement of bend angles is highly interesting for structural health monitoring and mechanical engineering. In [16] an inclinometer based on a modal interferometer by using a hollow core PCF was presented, with an operation range of ±45 deg. Furthermore, in [17] a Mach-Zehnder interferometer based on a twin core PCF was demonstrated for angle measurements in order to isolate the bend direction.
In this work are proposed and investigated two sensing structures for strain-temperature and angle-temperature measurements, both based on the same suspended core PCF. The structures comprises a length of suspended core PCF between SMF's and is based on the combination of two multimodal interferograms with different fringe patterns [18] . We report resolutions of ±4.02 με and ±0.45°C for the simultaneous strain-temperature sensor, and of ±1.69 deg and ±0.92°C for the simultaneous angle-temperature sensor [19] .
II. EXPERIMENTAL SETUP
The sensing principle derives from the analysis of the interferogram that results from the combination of two different multimodal interferometric patterns originated by introducing a 3mm length suspended-core PCF between two SMFs (see Fig. 1 ). This PCF presents an asymmetric core with ∼2.4 μm diameter enclosed by three large holes, showing a multimode behavior. The shorter length of the sensor and its configuration in transmission, makes it more versatile than sensors based on a fiber loop mirror in which the length usually is in the order of centimeters [14] , [15] .
The SMF-PCF splices were done using a splice machine (Fitel S182PM) in manual mode, with an arc-power of 60 (splicer parameter) and an arc-duration of 650 ms. These splice parameters allows the repeatability of the sensor.
The experimental configuration included an erbium-doped fiber amplifier (EDFA, Fiberamp-BT 1400) operating as a broadband optical source and an optical spectrum analyzer (OSA, Advantest Q8384) with a maximum resolution of 10 pm. The fiber was fixed on two translation stages, separated 50 cm, in order to apply strain by moving one of the stages while the other remains fixed. Fig. 2 shows the transmission spectrum of the sensing head (dark line). Two different frequency components can be appreciated, associated to high and low frequency fringe patterns. The low frequency one comes from the birefringence generated by the asymmetric core of the PCF, while the high frequency pattern results from the interference of the modes that propagates in the sensing head fiber which shows a multimode behavior. Fig. 3 gives the fast Fourier transform of the transmission spectrum shown in Fig. 2 , evidencing the two frequency com- ponents, f 1 and f 2 , which correspond to the low and high frequency fringe patterns, respectively. The low frequency component present in Fig. 2 was obtained using a digital low-pass filter with a cut-off frequency of 0.14 nm −1 . The presence of two clearly periodic interference, allows the repeatability of the sensor in comparison with those based on non-periodic interference [12] , [14] .
III. SIMULTANEOUS STRAIN AND TEMPERATURE MEASUREMENTS
For the strain characterization of the sensing head a measurement from 0 to 2000 με with steps of 200 με was carried out. Fig. 4(a) shows the wavelength shift of each interference pattern. This characterization was carried out by tracking a fringe maximum of the spectrum of each interference pattern. The low-frequency interferogram had a considerable major sensitivity, −3.16 pm /με, in comparison with the +0.34 pm/με of the high-frequency one. Fig. 4(b) shows the evolution with strain of the low-frequency spectrum.
Once the strain response was characterized, a temperature study was carried out. For this purpose, a measurement from 40°C to 70°C with steps of 5°C was conducted. Fig. 5(a) shows that in this case the high-frequency interferogram had a higher sensitivity (25.30 pm/°C) compared with the low-frequency one (−6.01 pm/°C). The unfiltered spectral evolution with temperature variations is shown in Fig. 5(b) .
With the results obtained from the strain and temperature dependence of the two interferometric patterns it can be written: The temperature and strain measurement based on this approach show resolutions, δT and δε, which were calculated using the method presented in [20] considering that the OSA has a spectral resolution of δ OSA = 10 pm. It turned out values of δT = 0.45°C and δε = 4.02 με, which compares favorably with values reported by other authors, as outlined in Table I . IV. ANGLE MEASUREMENTS The sensor was also characterized for bend angle (α) measurements. An angle stepper was used in the range of −90 deg to +90 deg with steps of 30 deg (Fig. 6) . The angle was measured in relation to the two fixed points of the fiber (Fig. 6 in blue) , with a separation of 7.5 cm. Fig. 7 shows the evolution of the low-frequency spectral interferogram with the angle applied, indicating an appreciable change in wavelength and amplitude. In order to overcome in the measurement attenuation effects it was decided to track the wavelength evolution, which is shown in Fig. 7(b) . It can be observed the sensor presents two regions with different sensitivities. This is attributed to the PCF asymmetric core and its birefringence. However, both regions evidenciate a linear behavior. The angular sensitivity of the sensor is dependent on the position of the fiber core with respect to the angle direction. From the date shown in Fig 7(b) , a sensitivity value of Applying the same approach considered for the simultaneous measurement of strain and temperature, the resolution was evaluated resulting in values of δα = 1.69 deg and δT = 0.92°C, for curvature and strain, respectively V. CONCLUSIONS
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